During the last few years we have been confronted with the need to use herbarium specimens in the molecular phylogeny studies, since it is generally difficult to obtain living material of some rare species. Ancient DNA has been sequenced, and there are also reports on successful DNA amplification from herbarium specimens. However, it is not easy to obtain amplified DNA from the first herbarium sample tested. In this paper, experiments are described about trials of DNA amplification from two to 151-year-old herbarium specimens of plant species we needed for our projects. Of the 17 herbarium samples tested only two allowed DNA amplification under standard DNA isolation conditions. Different types of PCR inhibiting activities were demonstrated in DNA extracts. In some of the extracts there was extremely low concentration of template with satisfactory quality. In some instances, PCR inhibiting activities were successfully removed by treating them either with insoluble polyvinylpyrrolidone or by adding bovine serum albumin (BSA) to the amplification mixture. However, some PCR-inhibiting activities were resistant to the treatments described above. When the concentration of template was very low, a second PCR amplification with internal primers was necessary to increase the amount of DNA for sequencing. Nevertheless, contamination of either DNA extract or amplification mixture were sometimes observed, and consequently precautions were taken to minimize them. Finally, successful amplification was obtained in eight samples out of the 17 examined.
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In the past decade, phylogenetic studies based on D N A comparison has emerged as a new field of biology, partly as a result of the development of the polymerase chain reaction (PCR) and D N A sequencing methods which allow the rapid accumulation of large data sets. All kinds of organisms are studied through D N A evolution, and global projects are undertaken, such as those for plants (CHASE & al. 1993) . However, an important difficulty is the collection of living plant samples, most interesting taxa from the point of view of evolution are often rare and geographically restricted. Thus, herbarium specimens potentially represent an invaluable source of material for molecular analysis, encompassing all collected taxa. Moreover, research in ancient D N A has recently generated much excitement (LEwlN 1994) as a result of the reported successes in DNA amplification and sequencing from plant and animal samples several thousands or millions of years old (Hoss & PxxBo 1993 , COOi'ER & al. 1992 , CANO & al. 1993 , HAGELBERG & CLEG~ 1993 , JANCZEWSKI & al. 1992 , DESALLE & al. 1992 , GOI~ENBERa & al. 1990 , SoLTIs & al. 1992 . Such data may indicate that DNA extraction from one-hundred-yearold herbarium specimens may not be too problematic. However, few papers report such experiments (e.g., DOYLE & DICKINSON 1987 , PYLE & ADAMS 1989 , CANO & PoI-MAR 1993 , TAYLOR & SWANK 1994 , ADAMS & al. 1994 , LOOCKERMANN & JANSEN 1995 .
While investigating the molecular phylogenetics of Celastrales (SPlcI-tlGER & al. 1993 , SAVOLAINEN • al. 1994 ) and the evolution of the genus Ilex, we decide to follow more rigorous methods for extracting DNA of herbarium specimens. We examined 17 herbarium specimens, collected from two to 151 years ago and representing a variety of different conditions of preservation (Table 1) . In order to preserve the herbarium collections, only specimens having enough leaves have been sampled. Since the quality and quantity of DNA, as well as the presence of PCR inhibiting activities are the main problems in extracting ancient DNA (PxxBo 1989 (PxxBo , 1991 PXXBo & al. 1989; GO~ENBER~ 1991) , four methods of DNA extraction were used. PCR cross-reactions were performed to investigate inhibiting activities in the herbarium DNA extracts. For removing the inhibitors and for increasing the PCR efficiency, different protocols of DNA amplification were followed. Transmission electron microscopy of chloroplasts was performed on Ilex herbarium specimens collected 10 and 68 years ago, followed by DNA extraction and amplification to check for the putative conservation of DNA in chloroplasts.
Material and methods
Herbarium specimens. The 17 herbarium specimens used in these experiments are listed in Table 1. DNA extraction. In order to avoid contamination of PCR products, DNA extraction and mix preparation were carried out in a separate laboratory, used only for this purpose. An extraction control (extraction processed without a plant sample, checked by a subsequent PCR run) was always carried out. For this study four different DNA extraction procedures were used: !. The current CTAB (Hexadecyl-trimethyl-ammonium-bromide) extraction method was carried out using a modified protocol of WEBB & KNAFP (1990) . Approximately 50 mg of liquid nitrogen ground tissue was rapidly mixed in an Eppendorf tube containing 700 ~al of hot extraction buffer (2% CTAB, 100 mM Tris-HC1, 1.4 M MAC1, 25 mM EDTA, 0.2% mercaptoethanol, pH 8), and incubated at 60 °C for 30 min. At the end of the extraction, the DNA pellet was suspended in 20 ~ll of TE8 (10 mM Tris-HC1, 1 mM EDTA, pH 8).
2. The DTAB (Dodecytrimethyl-ammonium-bromide) method of GUSTINClCH & al. (1991) was modified as follows: 50 mg of liquid nitrogen ground tissue was rapidly mixed in an Eppendorf tube containing 700 ~al of hot extraction buffer (5.5% DTAB, 1 M MAC1, 70 mM Tris-Hcl, 30 mM EDTA, pH 8) and incubated at 60 °C for 30 rain. After chloroform extraction, 1.7 volumes of 0.5% CTAB, 40 mM MaC1 was added and mixed at room temperature, leading to DNA precipitation within 5 rain. The original protocol was then followed and at the end of the DNA extraction, the pellet was suspended in 20 ~al of TE8.
3. A method based on guanidine thiocyanate and silica (see also CARTER & MILTON 1993 , H~ss & P~,Bo 1993 was used. Approximately 25 mg of liquid nitrogen ground tissue was rapidly mixed in an Eppendorf tube containing 500 ~al of hot extraction buffer (4 M guanidine thiocyanate, 50 mM Tris-HC1, 20 mM EDTA, pH 7.5) and incubated at TABERLET & al. (1991) was used. Approximately 20 mg of liquid nitrogen ground tissue was rapidly mixed in an Eppendorf tube containing 200 ~1 of hot CTAB buffer (2% CTAB, 1.4 M NaC1, 0.2% 2-mercaptoethanol, 20 mM EDTA, 100 mM Tris-HC1 pH 8) and incubated at 60 °C for 60 min. After phenol and chloroform extractions, the buffer was filtered in Microcon 30 tubes (Amicon, Berkeley) and washed twice with 400 pl water. The DNA was then eluted from the membrane with 50 gl water.
PCR amplification. Figure 1 shows the amplified chloroplast DNA (cpDNA) fragments and the primers used in this survey. The primer pair 2 and 5 amplifies the atpB-rbcL spacer of approximately 900 bp. The primer pair 16 and 12 amplifies a 369 bp fragment of the rbcL coding sequence. The PCR reaction includes 1 gl of DNA extract in a 25 )al standard PCR mix (50 mM KC1, 10 mM Tris-HC1 pH 8.3, 0.1% gelatin, 2 mM MgC12, 200 ~aM of each dNTP, 0.25 pM of the primers and 0.5 units of Perkin Elmer Taq DNApolymerase). Each sample was cycled through 35 thermocycles each consisting of a denaturation step of 1 min at 93 °C, an annealing step of 30 sec at 50 °C, and an extension step of 1 min at 72 °C. A final extension step of 5 min at 72 °C was performed. PCR products were separated in a 1.5% agarose gel stained with ethidium bromide, and observed under UV light. Two PCR controls were always included: a positive control consisting of a diluted DNA extract from fresh leaves of llex aquifolium and a negative control consisting of PCR without template DNA. These reaction conditions were subsequently modified as stated below. In order to increase amplification efficiency double-PCR were run: 1 ~1 of the DNA extract was amplified using the primer pair 30 and 31, then 1 pl of the PCR product was used as template for a second PCR run, using the internal primer pair 2 and 5 (Fig. 1) . To avoid contamination each PCR product (except the Taq polymerase and the Gross-PCR reactions. In order to detect PCR inhibiting activities in DNA extracts, PCR cross-reactions were carried out using 1 ~1 of each herbarium DNA extract with 1 pl of a diluted positive DNA extract from fresh leaves of Ilex aquifolium as template. If the expected DNA fragment was not amplified, it means that the herbarium extract contains inhibitors of the PCR reaction and they interfere with the amplification reaction.
Removal of potential inhibiting activities. When PCR inhibiting activities were detected in herbarium DNA extracts, they were treated with 1 pl of a Polyclar AT suspension (polyvinylpyrrolidone insoluble polymer, Serva, 100 mg/ml) in order to remove phenolic compounds (LooMis & BATAmI~E 1966) . With the same purpose, PCR reaction conditions were modified either by increasing the MgC12 concentration from 2 mM to 6 pM, by adding BSA at 0.004% (final concentration) or by diluting the herbarium DNA extract (1/100).
Electron transmission microscope. Small pieces of fresh leaves, leaves dried in silica gel, and from herbarium specimens collected 10 and 68 years ago, of flex aquifolium were fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.2) for 24 h.
After three 10 min washings in cacodylate, the samples were postfixed for 1 h in 1% osmium tetroxide, washed again, dehydrated through a graded ethanol series and embedded in Spurr's resin. Ultrathin sections (60 nm thick) were cut and stained with 5% aqueous uranyl acetate in water for 10 rain followed by lead citrate (REYNOLDS 1963) for 12 min. They were examined with a Zeiss EM10 electron microscope. The samples from the two Ilex aquifolium sheets collected 10 and 68 years ago, were taken from the same leaves as those used for the DNA extraction.
Results
Comparison of DNA extraction methods. In approximately 10% of the samples, D N A from herbarium specimens was extracted and successfully amplified using the CTAB or the DTAB extraction method. However, large amounts of blackish material always co-precipitated with D N A at the precipitation step. It was generally impossible to remove this oxidized material, which can influence P C R amplification. Therefore D N A extractions were tested that avoid the precipitation step. Samples were extracted by using guanidine-silica method or Microcon method, and then were submitted to PCR amplification of the atpB-rbcL spacer (+ 900 bp) (primers 2 and 5, Fig. 1 ). The two extraction procedures gave the same results, no PCR products were detected, except for Microdesmis (sample 6) and Ilex (sample 17) . This experiment and the subsequent ones are summarized on Table 2. Table 2 . DNA amplification from herbarium specimens with different PCR reaction conditions, a Samples as in Table l . Different fragments were amplified by PCR, using either primers 2 and 5 (_+ 900 bp, BSA, 1/100, 14X, Double-PCR), or primers 16 and 12 (369 bp; see Fig. 1 ). The samples were treated with Polyclar AT, then BSA (0.004% final concentration) was added to the 25 pl of PCR reaction (BSA), or the DNA extracts were diluted 1/100 (1/100) or concentrated 14 times (14X). Finally, the PCR product, amplified with primers 30 and 31, were used as template for a subsequent amplification with internal primers 2 and 5 (double-PCR). The presence of a PCR product visible in a 1.5% agarose gel stained with ethidium bromide is indicated by +, an undetectable PCR product is indicated by -, and the non-tested PCR reaction conditions are indicated by nt In order to test inhibiting activities, the samples (1 to 14, Table 1 ) were tested with a PCR crossreaction using a positive DNA amplification of DNA extract from fresh Ilex leaves. Many of the samples inhibited the amplification of DNA extracted from fresh leaves ofllex aquifolium, except for samples 1, 4,-7, 11, and 13. Since these samples dit not seem to show inhibiting activities, they were submitted to PCR at higher concentration (14 times). The amplifications were still unsuccessful, except for samples 6 and 17. This result might indicate that these extracts contain none or very few templates (see below).
Removal of PCR-inhibitiug activities. Those samples which showed inhibiting activities (1, 3, 8-10, 12, and 14) were treated with Polyclar AT, followed by PCR cross-reaction with DNA extract from fresh Ilex aquifolium. Modifications of the PCR cross-reaction conditions were also tested by adding BSA (0.004%, final concentration), by increasing the magnesium concentration to 6 raM, and by diluting 1/100 the DNA template. The results of these treatments are summarized in Fig. 2 . Removal of PCR-inhibition was successful in some cases (samples 3, 8, 9, 12, and 14), but not in all. The addition of BSA was particularly effective. The analysis of the PCR inhibitor-clearing experiments (Fig. 2) shows that there is evidence for different kinds of inhibitors. From the inhibiting extracts (samples 2, 3, Fig. 2 . Detection and removal of PCR-inhibiting activities in DNA extracts. Cross-PCR reactions: a 25~1 PCR reaction was carried out using 1 #1 of herbarium DNA extract (samples 2, 3, 8-10, 12, 14) mixed with 1 #1 of a positive DNA extracted from fresh leaves of lIex aquifolium as template, in four different assays: (1) the herbarium extract was treated with a Polyclar AT suspension (Polyclar); (2) BSA was added to the amplification mix (BSA); (3) magnesium concentration was increased to 6 mM (Mg2+); (4) the herbarium DNA extract was diluted 1/100 (1/100). The products of PCR were run in a 1.5% agarose gel stained with ethidium bromide (C+ is the positive control, with DNA from fresh leaves of Ilex, and C-is the negative control, without any DNA template). When DNA fragment was not amplified, this means that the inhibitor activities present in the herbarium extracts had not be removed 8,-10, 12, and 14) Polyclar AT removed the inhibition from two of the samples examined (8 and 12). To a lesser extent 6 m M magnesium had the same effect. BSA removed the inhibition of other three samples, the same was observed also by diluting 1/100 the extract. In the two remaining samples (2 and 10) none of these treatments were able to remove inhibition. Thus we can suggest that at least three classes of inhibitors with different properties are present in the herbarium material examined. P C R of h e r b a r i u m specimens after r e m o v a l of P C R inhibitors. The nondiluted or 1/100-diluted herbarium extracts (1 to 14) treated with Polyclar AT were amplified with primers 2 and 5, in a P C R reaction mixture containing BSA.
However, PCR amplification was unsuccessful. Since PCR inhibitors had been previously removed in several samples, an explanation for the failure of amplification could be that our DNA extracts contain very few or no DNA templates. With primer pair 2 and 5, the maximum amplification ratio obtained was between 107 and 10 s which is equivalent, for 35 cycles, to an average efficiency of 70 to 80% per cycle. The increase in cycles did not result in an increase of PCR products. In agarose gels stained with ethidium bromide, a visible 900 bp DNA band (approximately 10 ng) contains at least 1010 DNA molecules. Thus it must be at least 100-1000 template molecules at the beginning of the reaction, in order to be able to observe a DNA band in the gel after 35 PCR cycles. This value is probably underestimated in routine experiments. If there is less than 100 template molecule no band would be visible. When there was a lower amount of DNA template, double PCR runs were carried out, firstly by using primers 30 and 31, and secondly by using the internal primers 2 and 5 (Fig. 1) . Following the second PCR run, the amplification was successful for Lophopyxis (sample 4), Microdesmis (sample 6), Stackhousia (sample 7), Acacia (sample 15), and Forsteronia (sample 16). It is important to remember here that these amplifications were performed with materials decontaminated through exposure to UV light (see under Material and methods). Otherwise, we obtained amplification of contaminants as revealed by further sequencing (see below under Discussion). The failure of amplify a 900 bp fragment may be explained by the fact that the average size of the DNA template molecules in the recalcitrant herbarium specimens is shorter than 900 bp. Therefore amplification of a shorter cpDNA fragment by a simple PCR was undertaken (Table 1, Fig. 1 ). Primer pair 16 and 12 successfully amplified a 369 bp fragment of the rbcL coding sequence in Lophopyxis (sample 4) and Microdesmis (sample 6), as well as in two other samples such as Cardiopteris (sample 1) and Ilex aquifolium (sample 11), in which the amplification of the 900 bp fragment had previously failed.
Cytology of chloroplasts in herbarium samples. Figure 3 shows some electron micrographs of chloroplasts from leaf sections of Ilex aquifolium. The chloroplasts from fresh leaves contain many grana and osmiophilic plastoglobuli (Fig. 3 A, C) . In samples dried in silica gel the chloroplasts are distorted but their thylakoids and envelopes are well preserved (Fig. 3 B, D) . However, in contrast with freshly fixed chloroplasts, the membranes and the plastoglobuli of silica geldried samples are not electron dense, but appeared to be electron transparent (Fig. 3 C, D) . We have no explanation for this phenomenon, but the rapid drying process of the silica gel method modifies the lipid bilayer phase of thylakoid membranes and the lipids of plastoglobuli, thus preventing access of osmium tetroxide to the membranes. The herbarium samples which were probably not so rapidly dried do not exhibit this peculiarity at their membrane level. High quality DNA was readily extracted from the fresh and the silica gel dried samples. In the herbarium specimens, DNA was obtained and amplified from the 10-year-old sample but not from the 68-year-old sample. The 10-year-old sample contained well preserved chloroplasts membranes (Fig. 3 E) , whereas chloroplasts from the 68-year-old sample was not so well preserved and their membranes appeared diffuse (Fig. 3 F) . It is important to note that the appearance of these chloroplasts might also result from other reasons than old age. Fig. 3 . Electron micrographs of chloroplast in sections from llex aquifolium leaves: chloroplasts from fresh leaves in A and C, from silica gel-dried leaves in B and D, in leaves from a 10-year-old herbarium specimen in E, and from a 68-year-old plant in F. m Mitochondrion, cw cell wall, ce chloroplast envelope, p plastoglobuli, s starch grain, t thylakoids, bars: 0.5 gm
Discussion
Out of the 17 herbarium DNA extracts in which inhibiting activities were removed and whose PCR reactions were optimized, only eight were found to contain amplifiable cpDNA. In six samples a 900 pb DNA fragment was amplified, and in the the two remaining specimens a fragment of only 369 bp was successfully amplified. These DNA fragments were sequenced and the obtained DNA sequences were compared with those kept in DNA databanks. In several cases, particularly when material and solutions were not decontaminated through exposure to UV light, contamination was identified by 100% identity with unrelated taxa. The amplification products reported here do not have more than 88% identity with any sequence present in databanks. Furthermore, these sequences fit with the expected phylogenetic relationships. Contamination is a major problem when double-PCR are carried out, and the identification of a new sequence supported by the expected phylogenetic relationships may be considered as evidence of success. Our results show that there is no apparent correlation between the age of a herbarium sample and the success of DNA amplification, as our positive herbarium samples were collected up to 109 years ago. The conservation of amplifiable DNA in herbarium specimens seems to depend on several factors. These factors may be species-specific and related to the extreme diversity of the plant cell chemistry, and consequently are not predictable. Other factors may be related to the physiological state of the plant when it was collected, or to the mode of its preparation.
Contrary to plant tissue preserved in chemicals, high-grade DNA seems to be protected when the plant is dried (DOYLE & DICKINSON 1987 , PYLE & ADAMS 1989 , THOMSON & HENRY 1993 , HARRIS 1993 . However, the most important requirement for good preservation and further amplification of DNA is a rapid drying procedure. If the drying period is long, the plant, which is still alive, is subject to the extreme water stress, shortage of nutrients and wounding for hours or even days. It is well known that such injuries very rapidly induce phenolic compounds and free radicals production, which may influence DNA extraction and/or amplification. These metabolic and cellular responses to herbarium preparation are similar to those due to senescence. These by-products such as free radicals may have a strong influence on the cellular environment and consequently on the conservation of DNA quality (McKERSm & al. 1988) . Moreover, a decrease in DNA content is generally observed during early tissue senescence, which may account for as much as 20% of the total DNA (ScoTa" & POSSINGHAM 1983 ).
An initial, rapid desiccation is of primary importance so as to limit the extent of senescence processes. This is the reason for the success of silica gel-dried tissues for DNA analysis (CHASE & HILLS 1991) . Moreover, the breaking of cellular compartments during the drying stage may liberate nucleases producing endogenous hydrolytic damage. In general, herbarium samples are not dried so rapidly than in silica-gel. This is particularly true for old herbarium specimens, or plants collected in the tropics. Some plant, such as grasses or small herbs, are easy to dry, but others, e.g., succulents or hard-leaved species with a thick foliar cuticle, e.g., Ilex, take longer to dry, thus giving time for cellular alteration. Our electron microscope study shows a good correlation between the state of degradation of the chloroplast membranes and the success of DNA extraction and amplification.
LINDAHL (1993) reported some observations on the preservation of DNA in solution over a long period. However, there is little literature about the modifications of DNA over long time periods in herbarium specimens. Dried herbarium tissues remain subject to oxidative damages, resulting in the alteration of the pyrimidine bases and sugar (EGLINGTON & LOGAN 1991) . A reported peculiarity also observed here is the poor conservation of DNA extracts from herbarium sheets (CANo & POINAR 1993) . This may be the consequence of interactions of some herbarium-specific chemical components co-extracted with the DNA. Thus, the oxidative DNA damages occurring during herbarium specimen preparation, which rapidly plateaus off (Px~Bo 1989) , may be reactivated during the extraction procedures. Furthermore, some chemicals used in herbarium disinfection or collection could interfere with DNA extraction and amplification as was demonstrated for chemotaxonomic studies by CORADIN & GIANNASI (1980) . Most of the above-mentioned features may not be under control. However, the extraction and amplification procedures may be optimized in order to overcome the low quality and/or quantity of the DNA remaining in herbarium specimens. Experiments with PCR cross-reactions have shown the presence of herbariumspecific PCR inhibitors also observed in fossil plants (GoL~NBZaG 1991) . It is possible to reduce these inhibitors by using inhibitor-binding substances (e.g., polyvinylpyrrolidone, gelatin, BSA), by purifying the extracted DNA (e.g., silica particles or Amicon membranes), or by diluting the DNA extracts. However, such procedures were not successful with all samples.
When the PCR-inhibitor problem is solved, the extremely low amount of amplifiable DNA in some samples (less than 100-1000 molecules) is problematic. In some cases, double PCR runs using internal primers were successful. When the average size of the remaining DNA is low, amplification of smaller fragments has indeed produced positive results in previously negative trials for a larger fragment.
To summarize, herbarium specimens could be used in DNA studies, but this is far from being routine. This analysis of the reasons for amplification failures (presence of different PCR inhibiting activities and/or lack of DNA templates) shows that, in some instances, such failures could be overcome. Sampling of several samples of the same taxon is desirable. Our experience shows that it is easier to obtain herbarium specimens of plants from different parts of the World than the living material. Finally, success of DNA amplification from herbarium samples depends on so many factors (such as chemical particularities of the species, developmental stage of the collected tissue, drying method, duration and conditions of preparation) that it is not possible to outline general rules.
